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Chondroitin and heparan sulfates are essential players in animal development and are synthesized by a series of glycosyltransferases, the first of which is UDP-␣-D-xylose:proteoglycan core protein ␤-D-xylosyltransferase (EC 2.4.2.26). In the present study, a Drosophila melanogaster gene (CG17771), previously designated as a homologue of core 2 and I ␤1,6-N-acetylglucosaminyltransferases, was shown to encode an active peptide O-xylosyltransferase. A novel coupled assay using matrix-assisted laser desorption ionization time-of-flight mass spectrometry demonstrated transfer of xylose to the peptide DDDSIEGSGGR. Analysis of sequences of various peptide O-xylosyltransferase and ␤1,6-N-acetylglucosaminyltransferase sequences indicates that they are members of a large multifunctional protein family with a range of roles in ␤-glycosylation of either peptide or glycan substrates. Because in contrast to mammals, there is only one fly peptide O-xylosyltransferase gene, it is anticipated that, given the key roles of proteoglycans, the hereby designated oxt gene is essential for viability.
Cell-cell and cell-matrix interactions are of profound importance in the development and morphogenesis of multicellular organisms; key molecules in these processes are proteoglycans (1) . Animal proteoglycans contain glycosaminoglycan chains that fall into a number of categories as follows: chondroitin sulfate, dermatan sulfate, heparin, heparan sulfate, and keratan sulfate which consist of sulfated disaccharide repeats linked to a core protein via a glycan (2) . The first four categories have a glycan core of GlcA␤1,3Gal␤1,3Gal␤1,4Xyl O-linked to the protein, whereas keratan sulfates are attached through typical N-or O-glycans. In plants, arabinogalactans are the functional equivalent (3) .
The significance of proteoglycans is shown, for instance, by the correlation of mutations in genes encoding proteoglycan biosynthesizing enzymes with a disease of bone formation (hereditary multiple exostoses) in man (4) or with defects in vulval formation in nematodes (5, 6) . As a genetic model animal, Drosophila is an obvious target for exploring the roles of proteoglycans in various aspects of development (7) , and from recent studies it appears that, in the fly, proteoglycans are involved in the diffusion and recognition of growth factors such as Wingless (a Wnt homologue), Decapentaplegic (Dpp), Hedgehog (Hh), and fibroblast growth factor. Specifically, mutants of the dally, sugarless, tout-velu, and sulfateless genes are defective in signaling of one or more of these four growth factors. By homology to mammalian proteins, it has been postulated that dally encodes a proteoglycan core protein (8, 9) , sugarless (otherwise known as suppenkasker or kiwi) a UDP-Glc dehydrogenase (10, 11) , tout-velu an EXT-type heparan sulfate synthetase homologue (12) , and sulfateless a homologue of heparan sulfate N-deacetylase/N-sulfotransferase (8, 13) . In addition to Sulfateless, a number of fly homologues of mammalian proteoglycan-modifying sulfotransferases have been shown to have roles during development. Whereas heparan sulfate 6-O-sulfotransferase is necessary for primary branching of the tracheal system (14, 15) , Pipe, a uronyl 2-sulfotransferase homologue, is required for the definition of embryonic dorsal-ventral polarity (16, 17) , and segregation distorter (Sd) protein, a heparan sulfate 2-O-sulfotransferase homologue, is involved in male meiosis (18) .
In contrast to the growing body of genetic information related to proteoglycans in the fly, there remain large gaps in the biochemical knowledge. It is, therefore, appropriate to verify the activity of relevant Drosophila enzymes and not just rely on homologies to determine function. In particular, the enzyme in fly that initiates the formation of those glycosaminoglycan chains with an O-linked xylose core has not yet been the target of any investigation, other than a single report (19) on the effect on fly larvae locomotory behavior of a competitive inhibitor of xylosylation. In vertebrates, this reaction is catalyzed by peptide O-xylosyltransferase, which utilizes UDP-xylose as the donor for a reaction in which the hydroxyl groups of serine residues of proteoglycan core proteins become modified. Despite reports around 30 years ago on the purification of the chicken cartilage enzyme (20) , the first peptide sequences derived from a purified form of a xylosyltransferase were only recently published (21) . This information allowed the cloning of two human cDNAs, one of which was demonstrated to encode an active xylosyltransferase (22) . In the present report, I describe the identification of the apparently single fly peptide O-xylosyltransferase (OXT) 1 and its successful functional expression in Pichia pastoris. 
EXPERIMENTAL PROCEDURES
EST Identification and Cloning of Drosophila OXT cDNA-The GenBank TM data base was searched using the tBLASTn program using the sequences of mammalian proteoglycan xylosyltransferases I and II (22) . In Drosophila melanogaster, a gene (CG17771) was identified and the predicted sequence used to search the dbEST data base. Portions of the predicted reading frame of 876 residues showed identity with a number of Drosophila ESTs or partial cDNAs from embyro, head, larvae/early pupae, imaginal discs, testes, and Schneider L2 cells. One of these EST sequences (Drosophila gene collection clone LD43716) was identical to the 5Ј-end of the oxt gene, and because it was considered to be potentially part of a full-length cDNA, this cDNA was obtained from Research Genetics. Sequencing of the clone was completed using the BigDye system (PE Biosystems) using both fly-and vector-specific primers. Comparison of protein sequences was performed using either BLAST (www.ncbi.nlm.nih.gov) or Multalin (prodes.toulouse.inra.fr) software.
A fragment encoding the putative soluble form of the proteoglycan O-xylosyltransferase (i.e. lacking the putative transmembrane domain) was amplified from the clone using Expand DNA polymerase mixture (Roche Molecular Biochemicals), the primers DMXT3/EcoRI 5Ј-ccggaattccctggacatcgtagg-3Ј and DMXT2/KpnI/Stop 5Ј-cggggtacctcatttgagcagggcatc-3Ј, and an Eppendorf MasterCycler PCR machine (3 min at 95°C, 40 cycles of 1 min at 60°C, 3 min at 72°C, and 1 min at 95°C, followed by a final extension step of 8 min at 72°C).
PCR products were purified after gel electrophoresis using the Qiagen PCR purification kit and digested with EcoRI and KpnI, gel-purified, and ligated into the pICZ␣C vector (Invitrogen) cut with the same enzymes. Expression vector DNA (ϳ10 g) from PCR-positive Escherichia coli clones was cut with MssI prior to electroporation into P. pastoris GS115 cells. Positive yeast clones were identified after PCR of genomic DNA using gene-specific primers.
Production of Recombinant Drosophila Proteoglycan O-Xylosyltransferase-For the screening of oxt clones, expression of recombinant xylosyltransferase was induced by methanol basically as described previously for Drosophila fucosyltransferases (23) . Yeast clones were grown in 1 ml of MGYC (medium with glycerol, yeast nitrogen base, and casamino acids) overnight at 30°C, washed with yeast nitrogen base, and resuspended in 10 ml of MMYC (medium with methanol, yeast nitrogen base, and casamino acids). Methanol (final volume 1%) was added every 24 h thereafter, and the medium was collected after 3 days of induction. The culture medium was concentrated 10-fold using Vivaspin concentrators (M r 10,000 cut-off).
Assay of Recombinant Drosophila OXT-UDP-xylose was synthesized enzymatically using the Cryptococcus neoformans UDP-glucuronic acid decarboxylase. In brief, a pET-28a plasmid carrying the decarboxylase (UXS1) cDNA (a kind gift of Dr. Tamara Doering) was used to transform E. coli strain BL21(DE3)pLysS. After induction using isopropyl-␤-D-thiogalactopyranoside, the cells were harvested and lysed as described (24) . To generate UDP-xylose, 10 l of soluble bacterial protein extract was incubated overnight with 250 nmol of UDP-glucuronic acid (UDP-GlcA) and 125 nmol of NAD ϩ in Tris-Cl, pH 7.4, buffer in a total volume of 50 l at 37°C. HPLC analyses indicated that UDP-GlcA was quantitatively converted to UDP-Xyl under these conditions.
For the acceptor, a peptide based on part of the sequence of Drosophila syndecan, a proteoglycan core protein homologous to a family of heparan sulfate proteoglycans (25) , was designed. The standard assay for xylosyltransferase activities was performed at 37°C with this synthetic peptide, DDDSIEGSGGR (Thermo Hybaid, Ulm, Germany); 1 l of enzyme solution was added to 5 l of 1 mM acceptor, 1 l of 0.4 M MES, pH 7, 0.5 l of 0.2 M MnCl 2 , and 2.5 l of the aforementoned decarboxylase reaction. After various time points, 0.5 l of the reaction mixture was withdrawn and diluted 10-fold with water. 0.8 l of diluted sample was then mixed with 0.8 l of 1% (w/v) ␣-cyanohydroxycinnamic acid in 70% (v/v) acetonitrile and allowed to dry on a sample plate prior to MALDI-TOF MS analysis on a ThermoBioanalysis Dynamo spectrometer in delayed extraction mode. Percentage conversion was calculated on the basis of the ratio of relative peak areas. For the determinations of the donor K m value, UDP-Xyl was purchased from a newly available supplier (CarboSource Services). Kinetic data were analyzed using Hanes plots.
Analysis of Xylosylated Peptides-Xylosyltransferase incubation mixtures were fractionated by RP-HPLC (Hypersil). The program used is as follows: 0 -2 min, 0.05% (v/v) trifluoroacetic acid in water; 2-6 min, linear gradient to 11.2% (v/v) acetonitrile; 6 -16 min, linear gradient to 14% (v/v) acetonitrile followed by washing of the column with up to 42% acetonitrile before returning to the original solvent. Peaks were collected which had either the same elution time as the original syndecan peptide or corresponded to a peak of slightly shorter elution time that was found only in incubations to which UDP-GlcA (the UDP-Xyl precursor) had been added. The collected fractions were dried and redissolved in 10 l of water prior to amino acid analysis (for quantitation) and MALDI-TOF MS. In addition, aliquots of the purified xylosylated peptide were treated for 1 h with methylamine in the vapor phase as described recently (26) for peptides substituted with O-linked GalNAc or digested with endoproteinase Glu-C (Roche Molecular Biochemicals) in 25 mM ammonium bicarbonate, pH 7.8 (1 nmol of peptide with 0.5 g of protease in a 10-l final volume with 0.2-l aliquots removed after 0.5, 2.5, 6, and 24 h at 37°C).
RESULTS
Identification and Analysis of the Drosophila oxt Gene and
cDNA-Searching of the Drosophila genome indicated the presence of one gene (CG17771) encoding a protein xylosyltransferase, in contrast to mammals (human, mouse, and rat) which appear to have two such genes (22) . The deduced protein sequence (see Fig. 1 ) of the fly xylosyltransferase displays, if one excludes the first 77 residues (i.e. the probable cytosolic, transmembrane, and stem regions), 36 and 37% identity with the corresponding parts of human xylosyltransferases I and II, respectively. The predicted unprocessed molecular weight (M r 99,097) of fly OXT is similar to that of the human proteins, whereas of the five possible N-glycosylation sites, only the third and the fourth are conserved as compared with the human, mouse, and rat sequences. By identity of portions of the oxt cDNA with various ESTs, it can be deduced that the gene is widely expressed in the fly with EST clones having been isolated from adult head (4 ESTs), adult testes (1 EST), embryo (15 ESTs), and larvae/early pupae (1 EST).
The complete cDNA sequence also indicated that the annotation of the Drosophila genome sequence (EBI accession no. AE003474) was correct with three exons following the usual :GU . . . AG: rule. In contrast the human xylosyltransferase II gene (AC004707) has 11 exons, whereas the incompletely sequenced human xylosyltransferase I gene (AC021115 and AC106769) has at least 11; furthermore, all identified splice sites are conserved within these two human genes. In addition, as judged from analysis of sequences from the relevant genomes, the same genomic structure appears to be present and also valid for the rat xylosyltransferase I and II genes (AC103474 and AC103440), the murine xylosyltransferase II gene (AL645764), and an estimated two pufferfish (Tetraodon nigroviridis) xylosyltransferase genes. On the other hand, only the second fly oxt exon/intron junction (nucleotides 852-853) corresponds to splice sites within vertebrate xylosyltransferase genes.
Proteoglycan Perhaps somewhat surprisingly from the functional viewpoint, however, is the homology of proteoglycan O-xylosyltransferases to mammalian core 2 and I ␤1,6-N-acetylglucosaminyltransferases, which transfer GlcNAc to either the GalNAc of Gal␤1,3GalNAc-O-Ser/Thr or internal Gal residues of Gal␤1,4GlcNAc␤1,3Gal␤1, 4GlcNAc sequences, respectively.
As shown in Fig. 2 , an ϳ300 amino acid stretch corresponding to residues 250 -552 (of 876) of the fly OXT and 123-428 (of 428) of the human core 2 GnT1 sequence shows ϳ30% identity. It is interesting to note, however, that the cysteine residues conserved in the human core 2/I enzymes (27) are generally absent from the xylosyltransferases suggesting differences in the folding of these domains between the subfamilies. There are also differences in the genomic structure of OXT and core 2/I genes; as mentioned above, the human xylosyltransferase II reading frame is encoded by 11 exons, with the human core 2 genes each contain one coding exon (27) . The reading frame of the human I enzyme, however, stretches across three exons (28) , with one of these splice sites corresponding to a splice site in the human xylosyltransferase genes.
This region of homology is also shared with the 6 C. elegans GLY-1 subfamily, a further 12 Caenorhabditis sequences, many plant sequences, and 1 sequence from Caulobacter crescentus. Apart from GLY-1 itself, which has been shown to be a ␤1,6-glucosyltransferase capable of modifying O-linked Gal␤1,3GalNAc (29) , no known function is as yet assigned to any of the nematode, plant, or bacterial sequences (30) . GLY-1-type sequences are indeed more closely related to the core 2 O-glycan elongating enzymes, as shown by the presence of all but one of the conserved core 2/I cysteine residues, but in contrast to the one or three coding exons of the mammalian core 2/I genes, five of the gly-1-type genes are encoded by eight exons. Reflecting the similarities, the phylogenetic tree presented in Fig. 3 would suggest that the core 2/I/OXT glycosyltransferase family consists of two major halves as follows: one containing the plant, bacterial, and OXT members, and the other with the core 2/I/GLY-1 members. The C-terminal 300 residues of xylosyltransferases, however, are novel and contain the only DXD-type motif that is conserved between the fly and mammalian OXTs. To be exact, the fly sequence has a DFD sequence where the corresponding mammalian sequences are DWD in xylosyltransferases I and (D/E)WD in xylosyltransferases II. The presence of this motif, noted in many glycosyltransferases, in the region absent from other members of the core 2/I/OXT glycosyltransferase family may be compatible with the fact that OXTs are cation-sensitive (see below), whereas Warren et al. (30) noted that core 2/I enzymes are cation-independent and have no DXD motif.
Verification of Drosophila OXT as a Proteoglycan Xylosyl- transferase-A soluble form of fly OXT was expressed under control of the AOX1 alcohol oxidase promoter in P. pastoris as a fusion protein with the ␣-mating factor secretion signal. By using a novel mass spectrometric coupled assay method, a number of yeast clones were screened for secreted xylosyltransferase activity. As acceptor, a peptide (DDDSIEGSGGR) corresponding to residues 55-65 of Drosophila syndecan (25) was used, which contains the features of an acidic region and a Ser-Gly sequence found around chondroitin and heparan sulfate attachment sites (31, 32) , as well as an arginine residue which apparently aids detection by MALDI-TOF mass spectrometry (33) . For most experiments, the UDP-Xyl donor was synthesized, without subsequent purification, using recombinant Cryptococcus UDP-GlcA decarboxylase (24) .
A number of clones of Pichia transformed with oxt-containing constructs secreted active xylosyltransferase as judged by conversion of the syndecan peptide substrate to a form with an m/z ratio of 1239.9, the difference of 132.8 compared with the original peptide (m/z 1107.1) approximating to the mass of a xylose residue (see Fig. 4B ). The percentage incorporation as determined by MALDI-TOF MS was time-dependent and comparable with, although consistently slightly lower than, that calculated from chromatogram peak areas of the same samples analyzed by RP-HPLC (Fig 4C) .
Despite the presence of two serine residues in the peptide, only a maximum of one xylose residue was transferred. No xylosylated peak was seen if UDP-GlcA (as UDP-xylose precursor; data not shown) was absent from the added UDP-GlcA decarboxylase incubation mixture nor when supernatants of Pichia expressing other glycosyltransferases were tested (e.g. tomato ␣1,4-fucosyltransferase; Fig. 4A ) in the presence of the E. coli extract. These data indicate a lack of endogenous OXT activity in both Pichia and E. coli. The activity of the enzyme was also verified using UDP-Xyl from a commercial source (data not shown), whereas no activity was detectable with other UDP-sugars tested. Respective K m values of ϳ100 and 500 M were determined for the donor and acceptor (Fig. 4, D  and E) ; these values can be compared with those found (180 for UDP-Xyl and 60 -790 M for various peptide substrates) for partially purified rat chondrosarcoma xylosyltransferase (34) .
As judged by MALDI-TOF assays using unpurified enzyme, fly OXT is more active in the presence of 10 or 20 mM Ca(II), Mg(II), and Mn(II) ions than in the presence of 10 or 20 mM EDTA or of no added cations, whereas it is completely inhibited by 10 mM Ni(II) and Zn(II) (for an HPLC comparison of incubations with Mn(II) and Ni(II), see Fig. 5 ). These results can be compared with those for the rat ear cartilage xylosyltransferase, which indicated activation in the presence of Mn(II), Mg(II), and Ca(II), but inhibition by Zn(II) (35) . Similar to the rat enzyme was also the pH optimum of the fly OXT (in the range pH 7-8). In addition, whereas fly OXT was initially most active (i.e. over a few hours) at 37°C, the highest activities overnight were determined after incubation at 30°C or at room temperature (possibly due to stability of the enzyme in the crude supernatant). In contrast, virtually no activity was detectable at 16°C.
Reaction mixtures were subject to RP-HPLC to purify the putatively xylosylated peptide. Comparison of the chromatograms showed that only in samples to which both UDP-GlcA and "activating" cations (e.g. Mn(II)) had been added was there a new peak with a retention time 1 min earlier than the peak with the same retention time as the original syndecan peptide (Fig. 5) . The relevant fractions were collected, and this new peak was verified to also contain a species of m/z 1239.9 (Fig. 6A) .
Mass Spectrometric Analysis of the Purified Xylosylated
Peptide-To analyze the HPLC-purified product further, vaporphase ␤-elimination using methylamine, a method previously only used for the removal of O-linked GalNAc from peptides and involving replacement of the sugar on the serine by a methylamine group (26), was employed. As expected, treatment of the xylosylated peptide resulted in the expected mass increment of ϩ13 as compared with the original non-xylosylated peptide and of Ϫ119 as compared with the xylosylated form (Fig. 6B) . This is indicative of a single glycosylation event and suggests that this method should be applicable to the analysis of glycosaminoglycan attachment sites in general.
Subsequent analysis of the peptide was directed at determining which of the two serine residues is xylosylated. Initially, MALDI-TOF analysis after mild acid hydrolysis of the methylamine-treated peptide was performed, but this method did not yield unambiguous data. It was then decided to exploit the presence of a single glutamate residue in the DDDSIEGSGGR substrate peptide by use of endoproteinase Glu-C to digest the xylosylated and unxylosylated forms. The samples were thereafter analyzed by MALDI-TOF in both positive and negative modes for the time-dependent appearance of species absent from incubations containing only the protease. A species of m/z 565, compatible with being a xylosylated form of GSGGR and whose intensity increased with time as the amount of the original m/z 1240 species decreased, was found only with the xylosylated sample in positive mode. In addition, a species of m/z 433, possibly corresponding to the unmodified form of GSGGR, was consistently found to a more significant extent in the digest of the unxylosylated peptide than in that of the xylosylated peptide. The other theoretical product of the proteolysis incubations, DDDSIE, was not detected in positive or negative modes in either a xylosylated or an unxylosylated form. Although not absolutely ruling out some degree of xylosylation of the first serine in the substrate peptide in a manner mutually exclusive of xylosylation of the second serine, the presence of the m/z 565 ion suggests that the enzyme xylosylates the second serine; such a result was expected due to the data cited above showing that xylosylation tends to occur at Ser-Gly sequences (31, 32, 34 ). This conclusion is also supported by MS/MS experiments (performed on a ThermoFinnigan LCQ Deca XP Quadrupole Ion Trap Mass Spectrometer; data not shown) in which a y fragment ion (m/z 694.3) compatible with xylosylation of the second serine was detected; no ion corresponding to a theoretical fragment of a peptide xylosylated on the first serine was found.
DISCUSSION
The proteoglycan xylosyltransferase from D. melanogaster is the first such enzyme from invertebrates to be functionally characterized in either recombinant or native form. It is also the first enzyme relevant to the biosynthesis of the GlcA␤1,3Gal␤1,3Gal␤1,4Xyl-␤-O-Ser core common to both chondroitin and heparan sulfates to be characterized from the fly. Although examples of the other core-synthesizing enzymes, i.e. galactosyltransferase I (␤4GalTVII) (5, 36, 37) , galactosyltransferase II (␤3GalTVI), (38) and glucuronyltransferase I (5, 39), have been characterized from mammalian and nematode sources, the relevant fly genes have not yet been described. For example, it is not known which of the three ␤1,4-galactosyltransferase homologues from fly acts as galactosyltransferase I and which may have roles in elongation of Fringe-modified O-fucosyl glycans, for example (40) .
Of enzymes required later in the biosynthesis of glycosaminoglycan chains in the fly, the activities of only the heparan sulfate 6-O-sulfotransferase (14) , the Sugarless UDP-Glc dehydrogenase (required for the biosynthesis of UDP-GlcA, the donor for glucuronyltransferases) (41) , and DEXT3, a heparan sulfate-initiating N-acetylglucosaminyltransferase encoded by the botv gene (42) , have been determined in vitro. In two other cases, structural analysis of the glycosaminoglycans of relevant fly mutants (specifically tout-velu and sulfateless) allows the activity in vivo of homologues of mammalian enzymes to be inferred (43, 44) .
The key to the verification of the fly OXT as an active enzyme was the development of a coupled enzymatic assay. Due to a temporary lack of commercially available non-radioactive UDP-xylose, it was decided to exploit a fungal enzyme (UDPGlcA decarboxylase) to generate the donor substrate. Also the use of MALDI-TOF mass spectrometry allowed simultaneous product quantification and identification. By using this method it was possible to estimate a yield of secreted Pichia-expressed fly xylosyltransferase of ϳ1 unit/liter (assuming that 1 l of 10-fold concentrated supernatant xylosylates around 1 nmol of peptide in 2 h). This is around 2000 times that determined, using a peptide substrate and only 1 M UDP-[ 14 C]Xyl, for the activity of the human xylosyltransferase I expressed in CHO-K1 cells (22) . Considering also that the expression in Pichia of fly OXT was not even optimized, it is to be expected that improvements on the relatively good yield can be achieved. The fly xylosyltransferase is therefore a realistic tool for generating sufficient xylosylated peptide for studying the effect of the growing glycosaminoglycan chain on the conformation of the core peptide and for the preparation of biological substrates suitable in assays of other enzymes involved in proteoglycan biosynthesis.
Analysis of the sequences of peptide O-xylosyltransferases indicates that they belong to the same group of enzymes as the core 2 and I-synthesizing ␤1,6-N-acetylglucosaminyltransferases. Although this homology was apparently not noted previously, an examination of the CAZy data base does show that the proteoglycan xylosyltransferases and core 2/I enzymes share a common membership of glycosyltransferase family 14. The homology of these enzymes of rather contrasting specificities (both for acceptor and donor) indicates a rather flexible process of evolution within this protein family. Interestingly, OXT (whose gene, CG17771, is presently listed in Flybase as encoding a core 2/I-branching enzyme) is the only member of glycosyltransferase family 14 to be identifiable from searching of the Drosophila genome. This is in distinct contrast to mammals (at least two xylosyltransferases and at least 4 functional core 2/I genes) and Caenorhabditis (1 xylosyltransferase, 6 GLY-1 homologues, and 12 other core 2/I-like sequences). It obviously remains to be seen whether other insects and other non-nematode invertebrates also have only one xylosyltransferase and no core 2/I-like sequences. One would also assume from the apparent importance of proteoglycans that oxt is an essential gene and that it would be of interest to perform experiments on this locus at a genetic level to explore the biological repercussions of the abolition of both heparan and chondroitin sulfate biosynthesis. 
